Abstract. Pituitary tumors are the most common type of cancer within the central nervous system. In the present study, the expression levels of mucin 1 (Muc1) were examined in invasive and non-invasive pituitary tumor samples, and the results of immunohistochemical staining and Western blot analysis demonstrated marked positive expression of Muc1. In addition, Muc1 + polyinosinic:polycytidylic acid (poly I:C) was found to stimulate the expression levels of the surface molecules cluster of differentiation (CD)40, CD83 and CD80, and HLA-DRm and decreased the expression of CD14 in the dendritic cells, determined using fluorescence-activated cell sorting. The secretions of interleukin (IL)-6, tumor necrosis factor-α and IL-1β cytokines were also significantly induced, in a dose-dependent manner. In in vivo experiments, a higher percentage of CD3 + CD4 + T lymphocytes was detected, and the levels of interferon-γ and IL-2 in the splenocytes were also upregulated. Furthermore, the combination treatment of Muc1 with poly I:C increased anti-Muc1 IgM and anti-Muc1 IgG titers, and altered the balance of IgG2a and IgG1, all of which increased the T helper (Th)1 polarized immune response. Thus, the tumor antigen, Muc1, with poly I:C may produce potent protective effects, which polarize immune responses towards Th1, and elicit antitumor immunity to inhibit the progression of pituitary tumors.
Introduction
Pituitary tumors account for between 10 and 25% of all intracranial neoplasms (1) . They represent the third most common type of cancer within the central nervous system, and is only less frequent than glioma and meningioma (1, 2) . Pituitary tumors are also one of the most common tumors of the endocrine system (3) . With the continuous development of diagnostic imaging and laboratory diagnosis, the incidence of pituitary tumors has gradually increased (4) . Clinically, the most common classification methods for pituitary tumors are based on their endocrine function and immunohistochemistry staining analysis. Pituitary adenomas are classified based upon anatomical, histological and functional criteria (5) , including lactotrophic adenomas (prolactinomas), somatotrophic adenomas, corticotrophicadenomas, gonadotrophicadenomas, thyrotrophic adenomas (rare) and null cell adenomas (6, 7) . Lactotrophic adenomas, secreting prolactin, account for 30%, somatotrophic adenomas account for 15% and non-secretive null cell adenomas account for 25% of pituitary adenomas (8, 9) .
Although several techniques and drugs have been investigated and used in the treatment of pituitary cancer, there has been no significant improvement in the local control of carcinoma development and progression, and there have been no significant improvements in survival rates or in quality of life of patients with pituitary cancer (10, 11) . Following its rapid development in cancer therapy, immunotherapy has generally become one of the important treatment strategies following surgery, radiation therapy and chemotherapy (12, 13) . Provenge is a dendritic cell (DC)-based therapeutic cancer vaccine, which was approved by the Food and Drug Administration in April 2010 (14, 15) , until which DCs were first approved for the treatment of advanced prostate cancer. Currently, DC immunotherapy is broadly used in clinical therapy, and is used in the treatment of breast cancer, lung cancer, gastrointestinal cancer, prostate cancer, kidney cancer and malignant melanoma (16) (17) (18) (19) (20) . DC immunotherapy has a broad range of applications, is safe and has no significant adverse reactions (21, 22) .
Mucins are a family of high molecular weight, heavily glycosylated proteins (23) . To date, over 20 mucin genes have been identified and cloned, including membrane-bound Muc1, Muc3, Muc4 and Muc12, and secreted Muc2, Muc5, Muc6 and Muc9 (24, 25) . Muc1 is an epithelial membrane associated glycoprotein (Episialin), and it is the first mucin to be characterized and cloned in detail (26) . An increasing number of mucins are being used as important molecular markers. In the present study, polyinosinic:polycytidylic acid (poly I:C) was used as an immunostimulatory agent or immune adjuvant. The present study also aimed to investigate whether Muc1 offers potential as a candidate vaccine antigen to prevent or control the progression of pituitary tumors in vitro and in vivo.
Materials and methods
Cell line and reagents. The AtT20 cell line was obtained from American Type Culture Collection (cat. no. CRL1795), and the cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Trace, Ltd., Melbourne, Australia) at 37˚C in an atmosphere of 95% air and 5% CO 2 . Human recombinant Muc1 protein was obtained from Abnova Corporation (Tapei City, Taiwan). Mouse anti-human MUC1 (sc-59795) and anti-human β-actin (sc-69879) monoclonal antibodies (mAbs), and horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary antibody (sc-2031) were obtained from Santa Cruz Biotechnology, Inc (Santa Cruz, CA, USA).
Patients. A total of 42 patients with invasive pituitary adenoma, and 44 patients with non-invasive pituitary adenoma, at the Affiliated Hospital of Binzhou Medical College (Binzhou, China) were enrolled in the present study. Pituitary adenoma specimens were collected during surgery in order to detect the expression levels of Muc1 by immunohistochemistry and western blotting. The samples were maintained at -80˚C until further analysis. The present study was approved by the ethics committee of Affiliated Hospital of Binzhou Medical College. Written informed consent was obtained from all patients.
Immunohistochemical analysis. Immunohistochemical staining was performed in order to detect the expression of Muc1 in the pituitary adenoma specimens. Paraffin-embedded sections were de-waxed, rehydrated, blocked and incubated overnight with mouse anti-human MUC1 (1:1,000) and anti-human β-actin (1:1,000) mAbs. Subsequently, the specimens were washed three times and incubated with HRP-conjugated goat anti-mouse secondary antibody (1:1,000) for 1 h. The stained slides were dehydrated, made transparent, mounted in Permount and visualized using a Nikon Eclipse Ti-E microscope (Nikon Corporation, Tokyo, Japan). The images were captured with a camera attached to the microscope at x400 magnification.
Western blotting. The invasive and non-invasive pituitary adenoma specimens were lysed using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Shanghai, China) consisting of 50 mmol/l Tris, 1% NP-40, 150 mmol/l NaCl, 1.0 mmol/l EDTA, 0.1% sodium dodecyl sulfate (SDS) and 0.25% SDC. Equal quantities of protein (10 µg) were separated by 10% SDS-polyacrylamide gel electrophoresis and blotted onto polyvinylidene difluoride membranes. After blocking the membranes with 5% bovine serum albumin (Beyotime Institute of Biotechnology) in phosphate-buffered saline, the membranes were incubated with mouse anti-MUC1 and anti-β-actin mAbs (1:1,000) at 4˚C overnight. Subsequently, the membranes were washed three times with PBS containing 0.05% Tween-20 (PBST), followed by incubation with HRP-conjugated goat anti-mouse secondary antibody (1:1,000) at room temperature for 40 min. The membranes were visualized using the Pierce ECL Western Blotting Substrate (cat. no. 32209; Thermo Fisher Scientific, Inc.), and blot intensities were analyzed using ImageJ software, version 2 (National Institutes of Health, Bethesda, MA, USA).
Phenotype identification of peripheral blood mononuclear cell (PBMC)-derived DCs by fluorescence-activated cell sorting (FACS) analysis.
The DCs were generated and cultured from human PBMCs, as described in a previous study (27) . The PBMCs were obtained from blood samples derived from healthy donors using Ficoll-Hypaque density gradient centrifugation at 300 x g for 5 min at 37˚C. The PBMCs (5x10 4 cells/well) were plated into 6-well plates. Following 5 days of culture, human immature DCs were stimulated with 50 µg/ml Muc1 and 50 µg/ml poly I:C, or with 50 µg/ml Muc1 alone for 48 h at 37˚C. Subsequently, the cells were collected and washed with PBS for phenotypic analysis. The DCs were stained with phycoerythrin (PE)-conjugated mAbs against CD40 (cat. no. 313005), CD80 (cat. no. 305207) and CD83 (cat. no. 305307), and fluorescein isothiocyanate (FITC)-conjugated mAbs against CD14 (cat. no. 325603) and histocompatability locus antigen (HLA)-DR (cat. no. 307603), as well as allophycocyanin anti-human CD86 mAb (cat. no. 305411; all BioLegend, San Diego, CA, USA) for 20 min at 4˚C (all 1:1,000).
Determination of DC cytokine production using an enzyme-linked immunosorbent assay (ELISA).
The human immature DCs were adjusted to a density of 5x10 5 cells/ml and plated into 24-well plates. The cells were treated with Muc1, Muc1 + poly I:C or lipopolysaccharide (LPS) for 48 h, and the culture supernatants were harvested at the end of the experiment at 37˚C, and centrifuged at 300 x g for 5 min at 37˚C, prior to ELISA assay. The levels of the cytokines tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 in the supernatants were measured, according to the manufacturer's protocol (Neobioscience Technology, Co., Ltd., Beijing, China).
Mice and immunization.
A total of 18 C57BL/6 male mice (6-8 weeks old) were obtained from the Laboratory Animal Center of Peking University Health Science Center (Beijing, China). The mice were housed in specific pathogen-free conditions under a 12-h light/dark cycle at 21-25˚C, and with ad libitum access to food and water. The mice were randomly assigned to three groups (6 mice/group), as follows: i) The Muc1 group; ii) the Muc1 + poly I:C group; and iii) the control group. The mice were twice injected subcutaneously on days 1 and 15 with 20 µg Muc1 antigen, 20 µg Muc1 antigen + 50 µg poly I:C or with 100 µl PBS. The mice were sacrificed by cervical dislocation 7 days following the final immunization and the abdominal cavity was opened with scissors in order to obtain the spleens. Splenocyte cell suspensions were prepared using a sterile syringe core and 200 mesh steel filter.
Previous studies have reported that tumor cell lysate (TLA), which is used as a source of tumor-specific antigens, is able to induce the maturation of dendritic cells; although the maturation-inducing effect of TLAs was not particularly strong (11, 12) . In the present study, the mice were vaccinated with TLA or TLA + poly I:C, and the protein expression levels of interferon (IFN)-γ and IL-2 in the splenocytes of the mice were investigated using the Mouse IFN-γ ELISA (cat. no. EM0560) and the Mouse IL-2 ELISA kit (cat. no. EM0290), respectively (both Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). The TLA was obtained from the AtT20 cells. Briefly, cells were washed once with PBS, harvested and then resuspended in PBS at 1x10 7 cells/ml, prior to 5 cycles of freezing using methanol with dry ice and thawing at 56˚C. Subsequently, the cells were harvested, and washed in PBS, prior to centrifugation at 1,700 x g for 5 min. The TLAs were contained in the supernatant, which were separated and stored at -80˚C prior to vaccination of the mice.
T-cell subtype analysis by FACS analysis. The T-cell subtype was determined using FACS analysis. At 10 days following the second immunization (day 15), blood samples were taken from the venous plexus of the mouse eyes and 50 µl heparin-treated orbital blood was lysed with red blood cell lysis buffer (eBioscience, San Diego, CA, USA). Lymphocytes were stained with 100 µl PBS containing 1% BSA and 0.1% NaN 3 , together with 5 µl FITC-conjugated anti-CD3 mAb (cat. no. 16-0037-81), followed by simultaneous staining with 5 µl of PE-labeled anti-CD4 (cat. no. 12-0048-41) or anti-CD8 (cat. no. 12-0809-41) mAbs (all eBioscience). The cells were then incubated for 20 min at 4˚C, and flow cytometry was performed using the BD FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
Measurement of Muc1-specific antibodies. Muc1-specific antibodies in the mouse serum were measured using an ELISA (28) . Firstly, microtiter plates (Nalge Nunc International, Penfield, NY, USA) were coated with Muc1 (10 µg/ml) in 50 mM carbonate buffer (pH 9.6) overnight at 4˚C. Following washing with PBST, the wells were blocked with 100 µl 5% dried milk in PBST for 4 h at 37˚C. To measure IgM, IgG, IgG2a and IgG1, the plates containing with serum samples were incubated with HRP-conjugated rabbit anti-mouse IgG for 30 min at 37˚C. Following incubation with substrate buffer, the enzyme reaction was terminated after 5 min by adding 50 µl 2 M H 2 SO 4 . The absorbance at 450 nm was then measured using the Multiskan MK3 microplate reader (Thermo Fisher Scientific, Inc.). All washes were performed using PBS-T. Serum samples and HRP-conjugated rabbit anti-mouse IgG (sc-358914; Cytotoxicity assay. Lactate dehydrogenase (LDH) release assays were performed according to the manufacturer's protocol (KeyGen Biotech Co., Ltd., Nanjing, China). The C57BL/6 mice were immunized, as described above and, 10 days following the final immunization, splenocytes were prepared as effector cells, and AtT20 cells were used as target cells. Cytolytic T lymphocyte activity was measured by a LDH release assay in 96-well round-bottom plates. Target cells (2x10 4 cells per well) in a volume of 100 µl were incubated with 100 µl effector cells at 5/1, 10/1 or 20/1 effector:target (E:T) ratios for 24 h at 37˚C in phenol red-free DMEM containing 2% FBS. Following centrifugation at 300 x g for 5 min at 37˚C, the supernatants (50 µl per well) were transferred into 96-well flat-bottom plates for measurement of absorbance at 490 nm using the Multiskan MK3 microplate reader.
Statistical analysis. Data were analyzed using SPSS software, version 19.0 (IBM SPSS, Armonk, NY, USA). Data are presented as the mean ± standard deviation. Statistical significance in the different treatment groups was compared using a log-rank test. P<0.05 was considered to indicate a statistically significant difference.
Results
Positive Muc1 staining is observed in invasive pituitary adenoma. In the present study, 42 registered cases of invasive pituitary adenoma, and 44 samples of non-invasive pituitary adenoma were included from the hospital database. The expression of Muc1 was detected using immunohistochemistry in the invasive and non-invasive pituitary adenomas, respectively. As shown in Fig. 1A , marked positive expression of Muc1 was observed, with dark brown or brown particles, which were predominantly located in the cytoplasm and membrane. By contrast, negative or weak staining of Muc1 was observed in the non-invasive pituitary adenomas. The positive rates of Muc1 expression in the invasive and non-invasive pituitary adenomas were 90.4% (32/42) and 20.5% (9/44), respectively (Table I) . There was a significant difference between the two groups (P<0.01). The expression levels of Muc1 were also determined in samples of non-invasive pituitary tissues and malignant pituitary adenomas by western blotting, and the results were consistent with those obtained by the immunohistochemical staining (Fig. 1B) .
Production of cytokines in human DCs in the Muc1 + poly I:C group and poly I:C group.
In the present study, DCs were derived from adherent PBMCs cultured in medium supplemented with human granulocyte-macrophage colony-stimulating factor and IL-4, and the DCs are shown in Fig. 2A . As Muc1 was expressed at high levels in the malignant pituitary adenomas, Muc1 was used as the tumor antigen, and poly I:C was selected as an immune stimulator agent. Cytokine secretion was examined following stimulation of the immature PBMC-DCs with Muc1 or different concentrations of Poly I:C, and the resulting supernatants were harvested after 48 h. As shown in Fig. 2B -D, poly I:C significantly enhanced the secretion of IL-1β, TNF-α and 
Phenotypic identification of PBMC-derived DCs.
In order to assess the phenotypic variation of the human DCs, the expression of surface markers on the PBMC-derived DCs was examined using FACS analysis. The immature DCs were treated with either 50 µg/ml poly I:C or with 50 µg/ml poly I:C + 50 µg/ml Muc1 for 48 h, following which the expression levels of costimulatory molecules (CD40 and CD80), HLA-DR and the CD83 maturation marker were measured.
As shown in Fig. 3A and B, the results demonstrated that poly I:C or Muc1-poly I:C induced the phenotypic maturation of the human DCs, with low expression levels of CD14, moderate expression levels of CD40, CD80 and CD83, and marked expression of HLA-DR.
Determination of CD4 + CD3
+ T cell sub-populations using FACS analysis. In order to detect the immune response in vivo, C57BL/6 mice were used as an animal model. As is already known, T-cell subsets include T helper cells (CD4 + CD3 + T lymphocytes) and cytotoxic T cells (CD8 + CD3 + T lymphocytes) (29) . As shown in Fig. 4A-D , the mice immunized with 
Mice immunized with Muc1 + poly I:C have increased
Muc1-specific serum antibody titers following vaccination. The present study also measured antigen-specific antibody titers in the immunized mice. Muc1 antigen was injected subcutaneously into mice, together with poly I:C, with Muc1 antigen only or with LPS and 10 days following the final immunization, the levels of IgM, total IgG, IgG2a and IgG1 of the anti-HBs antibodies were examined. As shown in Fig. 5 , the mice immunized with Muc1 + poly I:C had a higher geometric mean titer of Muc1 antibodies, compared with the mice immunized with the antigen alone. In addition, IgM titers in the Muc1 + poly I:C group increased by 6.4 times, and IgG titers increased by 7.2 times, compared with the Muc1 group. Of note, ploy I:C altered the balance of IgG2a and IgG1, inducing more extensive production of IgG2a antibody, compared with the control group. It has been reported that IgG2a is directly associated with the T helper (Th)1 cell-mediated immune response, whereas IgG1 is associated with the Th2 immune response (30) . This suggests that Muc1 + poly I:C may be involved in modulating cellular immunity, with positive effects in preventing tumor progression.
IFN-γ and IL-2 cytokines are increased in mice immunized
with Muc1 + poly I:C or TLA + poly I:C. Cytokine patterns can reflect effector populations of immune cells to a certain degree. Th1 cytokines activate macrophages, natural killer cells and cellular immunity, whereas Th2 cytokines tend to promote humoral immune response (31) . In the present study, at 10 days following the final immunization, splenocytes in the different treatment groups were stimulated with Muc1 at a concentration of 1 µg/ml, and the production of the IFN-γ and IL-2 Th1 cytokines were examined using an ELISA. As shown in Fig. 6A and B, the levels of IFN-γ and IL-2 in the splenocytes of the mice immunized with Muc1 + ploy I:C were significantly higher, as compared with those of the mice immunized with Muc1 alone (P<0.01). The present study also used TLAs from AtT-20 cells as antigens, and the results demonstrated that the levels of IFN-γ and IL-2 in the splenocytes of the mice immunized with TLA + poly I:C were significantly higher, as compared with those of the mice immunized with TLA alone (P<0.01).
Cytotoxic T cell (CTL) activity is increased following immunization with TLA + poly I:C, as compared with TLA alone.
To demonstrate the cytotoxic activity of splenocytes from the immunized mice, the present study examined the release of cytosolic LDH into the culture medium by damaged AtT20 cells. At 10 days following the final immunization, damage to the membranes of the AtT20 cells was evaluated in a 24 h cytotoxicity assay by measuring LDH release. The LDH release assays were performed with splenocytes as effector cells and AtT20 cells as target cells. The E:T cell ratios were 5:1, 10:1 and 20:1. As shown in Fig. 7 , the CTL response was significantly higher in the mice immunized with TLA + poly I:C, as compared with that in those the mice immunized with TLA alone (P<0.01) or with PBS (P<0.01), which demonstrated that TLA + poly I:C effectively induced cytotoxic activity to induce tumor cell death.
Discussion
Cancer can be treated using several techniques, including surgery, chemotherapy, radiation therapy, immunotherapy and mAb therapy. Cancer immunotherapy has emerged as one of the four most commonly used treatment modality, in addition to surgery, chemotherapy and radiotherapy (32) . Vaccines have been investigated for a long time and have been used for the treatment of infectious disease or cancer (33) (34) (35) , however, progression has remained slower, compared with other forms of immunotherapy (35) (36) (37) . This is partly due to the weak immunogenicity of the tumor antigens. In the present study the, expression levels of Muc1 in pituitary tumors were examined, and the results demonstrated increased positive expression of Muc1 in invasive pituitary tumors. The aim of the present study was to induce potent antitumor T-cell responses to assist in the therapy of pituitary tumors. Thus, Muc1 was used as the tumor antigen and poly I:C, the ligand of TLR3, was selected as the adjuvant to prime the antitumor immune response (37) (38) (39) (40) . The results of the present study demonstrated that Muc1 + poly I:C successfully induced effective antitumor immune responses.
DCs are considered to be important antigen presenting cells, and they are the most effective cells for antigen presentation and T cell stimulation (41) . The maturation of DCs is important for the initiation of an adaptive immune response, thus, the present study detected the presence of certain major histocompatibility complex class II molecules and T-cell costimulatory molecules on the surface of PBMC-derived DCs. The results of the present study revealed that, Muc1 + poly I:C significantly enhanced the expression levels of CD40, CD80, CD83 and HLA-DR, in which CD83 is considered a relatively specific marker of mature DCs, and CD14 is a marker of monocytes. Treatment with Muc1 + poly I:C increased the expression of CD83 and decreased the expression of CD14, which demonstrated that Muc1 + poly I:C promoted the maturation of the DCs. Additionally, Muc1 + poly I:C stimulated the secretion of TNF-α, IL-6 and IL-1β cytokines, which may assist in attracting neutrophils, monocytes and DCs to inflammatory sites and induce the adaptive immune response (42, 43) .
It has been reported that the Th1-type immune response is important for protection against viral infections, tumor cells and several pathogens. Th1 cells can secret cytokines, including IFN-γ and IL-2, which activate macrophages and are involved in the generation of CTLs. In the present study, the mice injected with Muc1 + poly I:C showed higher levels of IFN-γ and IL-2 in the splenocytes when stimulated with Muc1. The CTL response following the final immunization was also examined in the different groups of mice. Supporting the idea that the induction of IFN-γ and IL-2 suggested polarization towards the Th1 response, higher specific CTL activity was detected when stimulated with Muc1 antigens in vitro.
In the mouse model, immunization with Muc1 + poly I:C induced more extensive production of anti-Muc1, compared with the antigen alone. Notable, activation of the Th1 immune response was marked, as was the switch in the balance of IgG1 and IgG2a, which may contribute to the shift between the Th2 and Th1 immune respons, and was positive for preventing the progression of pituitary tumors.
In conclusion, Muc1 + poly I:C stimulated the expression of costimulatory molecules and promoted the secretion of inflammatory cytokines, IL-6, TNF-α, IL-1β, by human PBMC-derived DCs. In the mouse model, immunization with Muc1 + poly I:C enhanced Muc1-specific antibody titers and induced the shift between the Th2 and Th1 immune response. Therefore, it may offer potential as a useful strategy for the treatment of malignant pituitary tumors.
